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ABSTRACT
The biogeography of the Main Hawaiian Islands (MHI) is shaped by physical, biological and chemical conditions and 
processes that operate on different spatial scales around the islands and throughout the Hawaiian Archipelago. Here, 
we map and describe many of the physical and biological conditions and processes (i.e., environmental drivers) critical 
for understanding and predicting biogeographic patterns. At a broad scale, the MHI’s geographic location and isolation 
in the tropical Pacific Ocean keeps its climate relatively stable (compared to continental climates). Most climatic changes 
around the islands are driven by seasonal changes in the North Pacific Subtropical High and the Aleutian Low. Changes 
in these pressure systems create two seasons in the MHI: summer (May to October) and winter (November to April). The 
MHI’s winter is cooler, wetter and is dominated by the North Pacific swell with infrequent occurrences of Kona Winds 
(from the southwest). The MHI’s summer is warmer, drier and dominated by the northeasterly trade winds and trade 
wind swell. At finer scales, the MHI’s topography influences almost every aspect of its weather and climate. The peaks, 
slopes and valleys interact with persistent trade winds, changing their direction and speed, and causing the leeward 
sides of the islands to be warmer and drier. It also creates frequent, localized convergence, mixing, upwelling, fronts and 
eddies in the channels between the islands (i.e., the Kaiwi, Pailolo and ʻAlenuihānā Channels), and on the leeward sides 
of the islands (e.g., Kona Coast). These oceanographic patterns are also influenced by the interaction between currents 
and the MHI’s seafloor topography. Its steep, narrow shelf, numerous seamounts (e.g., Hawaiian and West Hawaiian 
Seamounts) and prominent banks (e.g., Middle Bank and Penguin Bank) change the speed and direction of surface and 
subsurface currents as they flow in between and around the MHI islands. Combined, the temporal and spatial variability 
in the climate and ocean created by these physical and biological processes drives the distributions of marine organisms, 
and broadly influences the biogeography of the MHIs. 
Marine Biogeographic Assessment of the Main Hawaiian Islands14
Environmental Setting
Ch
ap
te
r 2
2.1. INTRODUCTION
Distributions of marine organisms are influenced by the surrounding physical, biological and chemical conditions 
(e.g., depth, temperature, currents, light availability, chlorophyll-a concentrations, ocean pH, aragonite 
saturation, etc.), and ecological processes (e.g., food availability, competition, predation, reproduction and 
recruitment, etc.). The interplay of these conditions and processes drive the composition, configuration, and 
complexity of marine communities. The biogeography of the Hawaiian Archipelago (and the Main Hawaiian 
Islands [MHI] in particular) is no different. It has been shaped by its geographic location and isolation in the 
tropical Pacific (Figure 2.1). This isolation led to the evolution of more endemic species than any other island 
group in the insular tropical Pacific (Juvik and Juvik, 1998). The MHI’s biogeography has also been shaped by 
environmental drivers that operate around the islands at local (i.e., intra- and inter-island) and global (i.e., 
world-wide) geographic scales (Juvik and Juvik, 1998; Department of the Navy, 2005). Combined, these drivers 
create variability in the MHI’s climate and ocean that play a primary role in shaping the distribution of marine 
organisms. Mapping these environmental drivers is critical for understanding and predicting the distribution of 
animals around the MHI. 
This chapter’s goal is to identify and 
describe broad temporal and spatial 
patterns in key environmental drivers 
around the MHI islands with a focus 
on federal waters. Its purpose is to 
provide environmental context for 
the remainder of the report, to help 
explain biogeographic patterns, and 
to help predict animal distributions 
in subsequent chapters. We highlight 
environmental drivers that are more 
likely to affect the distribution of specific 
species, and the MHI’s biogeography as 
a whole. These drivers include depth, 
seafloor complexity, wind, waves, 
currents, temperature, turbidity, fronts, 
upwelling, eddy activity and biological 
productivity. We present maps of these 
drivers below and in Appendix A. These 
maps show seasonal (summer and 
winter), long-term (>10 year) means and standard deviations (SD). Maximum values were also calculated for 
waves and water temperature. Water chemical conditions and processes (e.g., ocean pH, calcite or aragonite 
saturation states) and potential changes due to climate change were beyond the scope of this project. Since 
the project area is large (approximately 860,250 km2), the maps presented below are coarse, but the source 
datasets used to create these maps have more detail than seen here. This detail can be seen in the source 
Geographic Information System (GIS) layers, which are available online from National Oceanic and Atmospheric 
Administration’s (NOAA) National Centers for Coastal Ocean Science (NCCOS; https://coastalscience.noaa.gov/
projects/detail?key=163) and from NOAA’s National Centers for Environmental Information (NCEI Accession 
0155189; http://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0155189). Many of these GIS layers were 
used in subsequent efforts to predict the distribution of certain species and taxonomic groups of deep corals 
(Chapter 3), reef fish (Chapter 4), cetaceans (including dolphins and whales; Chapter 6) and seabirds (Chapter 
7). These datasets provide context to help better understand the physical and biological conditions that animals 
are responding to around the MHI.
Trade winds blowing at Kualoa Point, O’ahu. Photo credit: Bryan M. Costa (NOAA NOS/
NCCOS)
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Figure 2.1. Key geographic features and place names around the Main Hawaiian Islands (MHI). These maps depict geographic features that are 
referenced in this chapter for: a) the project area; b) Kaʻula, Niʻihau and Kauaʻi; c) Oʻahu; d) Maui Nui, which includes Molokaʻi, Lānaʻi, Maui and 
Kahoʻolawe; and e) Hawaiʻi. All depths are in meters. Data sources: shoreline (Battista et al., 2007), elevation (USGS, 2015) and depths (NOAA NCEI, 
2005; GEBCO, 2008)
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Table 2.1. Datasets describing the atmospheric conditions around the Main Hawaiian Islands (MHI) that influence its biogeography. These datasets 
were compiled to provide regional context for this assessment, and to be inputs for species distribution models. SD= Standard Deviation
# Dataset Description Units Climatology & Statistic
Time 
Period
Source 
Dataset Source Type
Native 
Spatial 
Resolution
A
tm
os
ph
er
e
1 Wind Direction Direction of wind at 10 m altitudes. °
Circular Mean for 
Summer & Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
2 Wind Divergence 
Divergence (+) and convergence 
(-) of wind at 10 m altitudes. m/s
Mean for Summer 
& Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
3 Wind Speed Speed of wind at 10 m altitudes. m/s Mean & SD for Summer & Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
4
Wind Speed in 
the East-West 
Direction 
Speed of wind in east-west 
direction at 10 m altitudes. m/s
Mean & SD for 
Summer & Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
5
Wind Speed in 
the North-South 
Direction 
Speed of wind in north-south 
direction at 10 m altitudes. m/s
Mean & SD for 
Summer & Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
# Processing Tools and Steps Data Provider Download 
Date
A
tm
os
ph
er
e
1 Direction was calculated from wind speed in the easting (x-zonal) and northing y-(meridional) 
directions, binned, reprojected and resampled using custom R scripts.
NOAA NCCOS, 2016 May 2015
2 Divergence was calculated from wind speed in the easting (x-zonal) and northing y-(meridional) 
directions, binned, reprojected and resampled using custom R scripts. 
PacIOOS, 2015a May 2015
3
Speed was calculated from wind modulus, binned, reprojected and resampled using custom R 
scripts. PacIOOS, 2015b May 2015
4 Speed was calculated in the east-west (x-zonal) direction, binned, reprojected and resampled using 
custom R scripts. 
PacIOOS, 2015c May 2015
5
Speed was calculated in the north-south (y-meridional) direction, binned, reprojected and resampled 
using custom R scripts. 
PacIOOS, 2015d May 2015
2.2. METHODS AND DATA DESCRIPTION
We acquired and processed datasets describing climate (n=5), oceanography (n=32), distance (n=6), and 
seafloor topography (n=17) to describe key environmental drivers around the MHI. They were processed in 
ArcGIS (ESRI, 2014 or 2011), R and Matlab (Mathworks, 2014) software packages using different tools, and 
were acquired from a variety of sources, over several years and at multiple spatial resolutions. Tables 2.1-2.8 
list these 60 datasets, including their definition, units, temporal resolutions, spatial resolutions, processing 
steps, source and download dates. These GIS datasets are available for download from NCEI (NCEI Accession 
0155189; http://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0155189). Datasets in Tables 2.1-2.6 
and Table 2.8 are available for download 1.2x1.2 km spatial resolution. Table 2.7 datasets are at their native 
resolution. Preprocessing workflows were tailored to each dataset, depending on its type, source, and spatial 
resolution. For the atmospheric and oceanographic layers, datasets spanning 10 or more years were acquired, 
and binned temporally into seasonal climatologies. We binned these drivers into seasons to capture natural 
variability between summer (i.e., from May to October) and the winter (i.e., from November to April) in the 
MHI. There were also not enough animal sightings data to develop predictions at finer temporal resolutions 
(i.e., monthly or quarterly). Climatological means and standard deviations were calculated to capture broad 
temporal and spatial patterns in the seascape. Maximum values (e.g., above 95th percentile) were calculated 
for some environmental drivers (e.g., wave heights), and were inherent in other drivers (e.g., sea surface 
temperature anomalies and thermal stress anomalies). The distance, depth, and topographic datasets were 
not binned temporally, since broad-scale changes in these datasets would have occurred over much longer 
time scales (e.g., centuries) than studied here.
Environmental Setting
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Table 2.2. Datasets describing the biological oceanographic conditions around the MHI that influence its biogeography. These datasets were 
compiled to provide regional context for this assessment, and to be inputs for species distribution models. SD= Standard Deviation
# Dataset Description Units Climatology & Statistic
Time 
Period
Source 
Dataset
Source 
Type
Native 
Spatial 
Resolution
Bi
ol
og
ic
al
 O
ce
an
og
ra
ph
y
6 Chlorophyll-a Concentration
Chlorophyll-a concentrations at the sea 
surface. mg/m³
Mean & SD 
for Summer 
& Winter
7/2002 - 
10/2013
Aqua MODIS 
(NASA, 
2016)
Sensor 
(Active as of 
2/2016)
4x4 km
7
Chlorophyll-a 
Front 
Frequency
The frequency of chlorophyll-a fronts. Frontal 
frequency is defined as the number of months 
for which a front was observed at a particular 
pixel, divided by the total number of months.
Number of 
occurrences
Mean for 
Summer & 
Winter
6/1/2002 - 
12/1/2013
MUR (NASA, 
2010)
Sensor 
composite 
(Ongoing as 
of 2/2016)
1x1 km
8
Chlorophyll-a 
Front 
Persistence
The mean persistence of chlorophyll-a fronts. 
Frontal persistence is defined as the number 
of front observations divided by the number 
of cloud-free observations.
Number of 
occurrences
Mean for 
Summer & 
Winter
6/1/2002 - 
12/1/2013
MUR (NASA, 
2010)
Sensor 
composite 
(Ongoing as 
of 2/2016)
1x1 km
9 Chlorophyll-a Front Strength
The mean strength of chlorophyll-a fronts. 
Frontal strength is the magnitude of change 
(log mg/m³) in surface chlorophyll-a 
concentrations within a moving window.
mg/m³ per 
pixel
Mean for 
Summer & 
Winter
6/1/2002 - 
12/1/2013
MUR (NASA, 
2010)
Sensor 
composite 
(Ongoing as 
of 2/2016)
1x1 km
10
Net Primary 
Productivity 
(NPP)
Rate at which phytoplankton incorporate 
atmospheric carbon through photosynthesis.
mg Carbon/
m²/day
Mean for 
Summer & 
Winter
7/2002 - 
10/2013 
Aqua MODIS 
(NASA, 
2016)
Sensor 
(Active as of 
2/2016)
9x9 km
# Processing Tools and Steps Data Provider Download Date
Bi
ol
og
ic
al
 O
ce
an
og
ra
ph
y
6
Datasets were downloaded and binned using MGET v0.8a56: Create Climatological Rasters for NASA OceanColor 
L3 SMI Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom Python scripts were used to reproject and 
resample the datasets in ArcGIS (ESRI, 2011). 
NASA, 2013a October 2013
7
A front was detected if there was a ≥0.06 log mg/m³ difference between two water masses within a moving window 
of 32x32 pixels. Daily front detections were then composited into monthly datasets (Scales et al., 2014, Miller et al., 
2015b). Datasets were binned into seasons, reprojected and resampled using custom R scripts. 
Miller, 2016 June 2015
8
A front was detected if there was a ≥0.06 log mg/m³ difference between two water masses within a moving window 
of 32x32 pixels. The monthly mean of the front persistence was calculated, and spatially smoothed with a Gaussian 
filter of 5 pixels width. Datasets were binned into seasons, reprojected and resampled using custom R scripts. 
Miller, 2016 June 2015
9
A front was detected if there was a ≥0.06 log mg/m³ difference between two water masses within a moving window 
of 32x32 pixels. The monthly mean of the daily frontal gradient magnitude (i.e., strength) was calculated, and 
spatially smoothed with a Gaussian filter of 5 pixels width (Scales et al., 2014) Datasets were binned into seasons, 
reprojected and resampled using custom R scripts. 
Miller, 2016 June 2015
10 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. Oregon State University, 2013
December 
2013
Table 2.3. Datasets describing key geographic features around the MHI that influence its biogeography. These datasets were compiled to provide 
regional context for this assessment, and to be inputs for species distribution models.
# Dataset Description Units Climatology & Statistic
Time 
Period
Source 
Dataset
Source 
Type
Native 
Spatial 
Resolution
D
is
ta
nc
e
11 Shelf Edge 200 m isobath. N/A N/A N/A N/A N/A N/A
12 Distance to Shelf Edge Euclidean distance to/from the 200 m isobath. m N/A N/A N/A N/A N/A
13 Shoreline Shoreline of the MHI. N/A N/A 2007 N/A N/A N/A
14 Distance to Shoreline Euclidean distance to/from the shoreline. m N/A N/A N/A N/A N/A
15 Seamounts Seamount footprints at 50 m depth increments from 100 to 2,750 m depths, and 100 to 4,500 m depths. N/A N/A N/A N/A N/A N/A
16 Distance to Seamounts
Average euclidean distance to/from seamount 
footprints 100-2,750 m deep and 100-4,500 m deep. m Mean N/A N/A N/A N/A
# Processing Tools and Steps Data Provider Download Date
D
is
ta
nc
e
11 The 200 m isobath was extracted from the 90x90 m modeled depth surface using ArcGIS Contour tool (ESRI, 2011). NOAA NCCOS, 2016 N/A
12 Distances were calculated in 1.2x1.2 km cells using ArcGIS's Euclidean Distance tool (ESRI, 2011). NOAA NCCOS, 2016 N/A
13 Shorelines were extracted from NOAA's 2007 Benthic Habitat Maps. Battista et al., 2007 September 2014
14 Distances were calculated in 1.2x1.2 km cells using ArcGIS's Euclidean Distance tool (ESRI, 2011). NOAA NCCOS, 2016 N/A
15
Footprints were extracted from the 90x90 m modeled depth surface at 50 m increments from 100 to 
2,750 m depths, and 100 to 4,500 m depths using custom Python scripts. Middle Bank was included in 
these calculations because it like a seamount (i.e., it is isolated geographically and is much shallower 
than the surrounding seabed).
NOAA NCCOS, 2016 N/A
16
Distance was measured to the edge of a seamount's footprint. Distances to these footprints were 
calculated in 1.2x1.2 km cells using ArcGIS's Euclidean Distance (ESRI, 2011), and averaged spatially 
using ArcGIS's Cell Statistics tool (ESRI, 2011) and custom Python scripts. 
NOAA NCCOS, 2016 N/A
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# Dataset Description Units Climatology & Statistic
Time 
Period Source Dataset Source Type
Native 
Spatial 
Resolution
W
at
er
 C
la
ri
ty 17 Euphotic Depth
Depth below which available 
light is insufficient to support 
significant photosynthesis.
m
Mean for 
Summer & 
Winter
7/2002 - 
10/2013 
Aqua MODIS 
(NASA, 2016)
Sensor 
(Active as of 
2/2016)
4x4 km
18 Turbidity
The amount of organic and 
inorganic suspended solids in the 
water at the sea surface.
Steridians-1
Mean & SD 
for Summer 
& Winter
7/2002 - 
3/2015
Aqua MODIS, 547 
nanometers band 
(NASA, 2016)
Sensor 
(Active as of 
2/2016)
4x4 km
W
at
er
 
H
ei
gh
t
19 Sea Surface Height (SSH)
Sea surface heights above the 
geoid. m
Mean & SD 
for Summer 
& Winter
10/1992 
- 12/2012 MADT 
Sensor 
composite 
(Ongoing as 
of 2/2016)
25x25 km
W
at
er
 M
ov
em
en
t
20 Bottom Current Direction
Direction of bottom currents 
at deepest point in the HYCOM 
oceanographic model.
m/s
Annual 
Circular 
Mean
10/1992 
- 12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model 
(Updates 
planned as 
of 2/2016)
9x9 km
21 Bottom Current Speed
Speed of currents at deepest 
point in HYCOM oceanographic 
model.
m/s Annual Mean & SD
10/1992 
- 12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model 
(Updates 
planned as 
of 2/2016)
9x9 km
22
Bottom Current 
Speed in the 
East-West 
Direction 
Speed of currents in the u (east-
west direction) at deepest point 
in HYCOM oceanographic model.
m/s Annual Mean 
10/1992 
- 12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model 
(Updates 
planned as 
of 2/2016)
9x9 km
23
Bottom Current 
Speed in the 
North-South 
Direction 
Speed of currents in the v (north-
south direciton) at deepest point 
in HYCOM oceanographic model.
m/s Annual Mean 
10/1992 
- 12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model 
(Updates 
planned as 
of 2/2016)
9x9 km
24 Mixed Layer Depth (MLD)
Depth to which water is mixed 
because of various physical 
processes. Above this depth, the 
water column is fairly homogenous.
m
Mean for 
Summer & 
Winter
10/1992 
- 12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model 
(Updates 
planned as 
of 2/2016)
9x9 km
25
Probability of 
Anti-cyclonic 
Eddies
Probability that anti-cyclonic 
(clockwise) eddies will form. %
Mean for 
Summer & 
Winter
1/1/1993 
- 4/2014 MADT 
Sensor 
composite 
(Ongoing as 
of 2/2016)
25x25 km
# Processing Tools and Steps Data Provider Download Date
 W
at
er
 C
la
ri
ty
17
Datasets were downloaded and binned using MGET v0.8a56: Create Climatological Rasters 
for NASA OceanColor L3 SMI Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom 
Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011).
NASA, 2013b October 2013
18
Datasets were downloaded and binned using MGET v0.8a56: Create Climatological Rasters 
for NASA OceanColor L3 SMI Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom 
Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011).
NASA, 2015b April 2015
W
at
er
 
H
ei
gh
t
19
Maps of Absolute Dynamic Topography (MADT) were downloaded and binned using MGET 
v0.8a56: Create Climatological Rasters for Aviso SSH Product tool (Roberts et al., 2010) in 
ArcGIS (ESRI, 2011). Custom Python scripts were used to reproject and resample the datasets 
in ArcGIS (ESRI, 2011).
Aviso et al., 2014 December 2013
W
at
er
 M
ov
em
en
t
20 Direction was calculated from speed in the u (easting) and v (northing) directions, binned, reprojected and resampled using custom R scripts.
HYCOM 
consortium, 2014 September 2014
21 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
22 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
23 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
24
Datasets were downloaded using custom R scripts. MLD was calculated from HYCOM depth, 
water temperature and salinity values using custom Matlab scripts. Outputs were binned, 
reprojected and resampled using custom R scripts.
HYCOM 
consortium, 2014 September 2014
25
Datasets were downloaded and binned using MGET v0.8a56: Find Okubo-Weiss Eddies in 
AVISO DUACS 2014 SSH Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom 
Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011).
Aviso et al., 2014 September 2014
Table 2.4. Datasets describing the physical oceanographic conditions (Water Clarity, Water Height and Water Movement) around the MHI that 
influence its biogeography. These datasets were compiled to provide regional context for this assessment, and to be inputs for species distribution 
models. SD= Standard Deviation
Environmental Setting
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Table 2.5. Datasets describing the physical oceanographic conditions (Water Movement continued) around the MHI that influence its biogeography. 
These datasets were compiled to provide regional context for this assessment, and to be inputs for species distribution models. SD= Standard 
Deviation
# Dataset Description Units Climatology & Statistic
Time 
Period Source Dataset Source Type
Native 
Spatial 
Resolution
W
at
er
 M
ov
em
en
t 
Co
nt
.
26 Probability of Cyclonic Eddies
Probability that cyclonic 
(counter-clockwise) eddies 
will form.
% Mean for Summer & Winter
1/1/1993 
- 4/2014 MADT 
Sensor 
composite 
(Ongoing as of 
2/2016)
25x25 km
27 Probability of Eddy Rings
Probability that cyclonic 
or anticyclonic eddies will 
form.
% Mean for Summer & Winter
1/1/1993 
- 4/2014 MADT 
Sensor 
composite 
(Ongoing as of 
2/2016)
25x25 km
28 Surface Current Direction
Direction of currents at sea 
surface. °
Circular Mean for 
Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
29 Surface Current Divergence
Divergence (+) and 
convergence (-) of currents 
at sea surface.
m/s Mean for Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
30 Surface Current Speed
Speed of currents at sea 
surface. m/s
Mean & SD for 
Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
31
Surface Current 
Speed in the East-
West Direction 
Speed of currents in the u 
(east-west direction) at sea 
surface.
m/s Mean for Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
32
Surface Current 
Speed in the North-
South Direction 
Speed of currents in the v 
(north-south direction) at 
sea surface.
m/s Mean for Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
33 Surface Current Vorticity
Clockwise (-) and counter-
clockwise (+) rotation of 
currents at sea surface.
m/s Mean for Summer & Winter
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
34 Upwelling
Upwelling (+) and 
downwelling (-) of surface 
waters due to surface winds 
and Ekman transport.
m/s Mean for Summer & Winter
7/1999 - 
11/2009
Quik-SCAT 
(NASA, 2015a)
Sensor (Inactive 
as of 11/2009)
12.5x12.5 
km
# Processing Tools and Steps Data Provider Download Date
W
at
er
 M
ov
em
en
t 
Co
nt
.
26
Datasets were downloaded and binned using MGET v0.8a56: Find Okubo-Weiss Eddies in 
AVISO DUACS 2014 SSH Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom 
Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011).
Aviso et al., 2014 September 2014
27
Datasets were downloaded and binned using MGET v0.8a56: Find Okubo-Weiss Eddies in 
AVISO DUACS 2014 SSH Product tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom 
Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011).
Aviso et al., 2014 September 2014
28 Direction was calculated from speed in the u (easting) and v (northing) directions, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
29 Divergence was calculated from surface current speed in the u and v directions, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
30 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
31 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
32 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
33 Vorticity was calculated from surface current speed in the u and v directions, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014 September 2014
34 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. PacIOOS, 2015e May 2015
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Table 2.6. Datasets describing the physical oceanographic conditions (Water Temperature and Waves) around the MHI that influence its biogeography. 
These datasets were compiled to provide regional context for this assessment, and to be inputs for species distribution models. SD= Standard Deviation
# Dataset Description Units Climatology & Statistic
Time 
Period Source Dataset Source Type
Native 
Spatial 
Resolution
W
at
er
 T
em
pe
ra
tu
re
35 Bottom Temperature
Temperature of water at deepest point in 
HYCOM oceanographic model. °C
Annual 
Mean
10/1992 - 
12/2012
HYCOM + 
NCODA Global 
1/12° Reanalysis
Model (Updates 
planned as of 
2/2016)
9x9 km
36
Sea Surface 
Temperature 
(SST)
Temperature of water at sea surface. °C
Mean & SD 
for Summer 
& Winter
7/2002 - 
7/2014
MUR (NASA, 
2010)
Sensor composite 
(Ongoing as of 
2/2016)
1x1 km
37
Sea Surface 
Temperature 
Anomaly (SSTA) 
Frequency 
The number of times (over the previous 
52 weeks) that SSTA were ≥1°C. SSTA 
is calculated as the weekly SST minus 
weekly climatological SST.
Number 
of occur-
rences
Mean for 
Summer & 
Winter
1/1982 - 
12/2009 CORTAD v3
Sensor Derivative 
(Ongoing as of 
2/2016)
4x4 km
38 SST Front Frequency
The frequency of SST fronts. Frontal 
frequency is defined as the number of 
months for which a front was observed 
at a particular pixel, divided by the total 
number of months. 
Number 
of occur-
rences
Mean for 
Summer & 
Winter
6/2002 - 
12/2013
MUR (NASA, 
2010)
Sensor composite 
(Ongoing as of 
2/2016)
1x1 km
39 SST Front Persistence
The mean persistence of SST fronts. 
Frontal persistence is defined as the 
number of front observations divided by 
the number of cloud-free observations. 
Number 
of occur-
rences
Mean for 
Summer & 
Winter
6/2002 - 
12/2013
MUR (NASA, 
2010)
Sensor composite 
(Ongoing as of 
2/2016)
1x1 km
40 SST Front Strength
The mean strength of SST fronts. Frontal 
strength is defined as the magnitude of 
change (°C) in surface water temperatures 
within a moving window.
°C per 
pixel
Mean for 
Summer & 
Winter
6/2002 - 
12/2013
MUR (NASA, 
2010)
Sensor composite 
(Ongoing as of 
2/2016)
1x1 km
41
Thermal Stress 
Anomalies 
(TSA) 
Frequency 
The number of times (over the previous 
52 weeks) that TSA were ≥1°C. TSA is 
calculated as the weekly SST minus the 
maximum weekly climatological SST.
Number 
of occur-
rences
Mean for 
Summer & 
Winter
1/1982 - 
12/2009 CORTAD v3
Sensor Derivative 
(Ongoing as of 
2/2016)
4x4 km
W
av
es
42 Wave Peak Periods Wave period with the highest energy. s
Mean & SD 
for Summer 
& Winter
1/2000 - 
12/2009
Wave Watch III 
(Tolman 2009; 
NOAA NCEP, 
2015) Hindcast
Model (Updates 
planned as of 
2/2016)
5x5 km
43
Wave 
Significant 
Heights
Mean heights (from trough to crest) of 
the highest third of waves. m
Mean & SD 
for Summer 
& Winter
1/2000 - 
12/2009
Wave Watch III 
(Tolman 2009; 
NOAA NCEP, 
2015) Hindcast
Model (Updates 
planned as of 
2/2016)
5x5 km
# Processing Tools and Steps Data Provider Download Date
W
at
er
 T
em
pe
ra
tu
re
35 Datasets were downloaded, binned, reprojected and resampled using custom R scripts. HYCOM consortium, 2014
September 
2014
36
Datasets were downloaded and binned using MGET v0.8a56: Create Climatological Rasters for GHRSST L4 SST 
tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom Python scripts were used to reproject and resample 
the datasets in ArcGIS (ESRI, 2011).
NASA, 2014 September 2014
37 Datasets were downloaded and binned using MGET v0.8a56: Create Rasters for CoRTAD 3D Variable tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011). Casey, 2010 June 2014
38
A front is defined as a ≥ 0.4 °C difference in SST between two water masses within a 32x32 pixel moving 
window. Daily front detections were then aggregated into monthly datasets (Scales et al., 2014; Miller and 
Christodoulou, 2014). Datasets were binned into seasons, reprojected and resampled using custom R scripts. 
Miller, 2016 June 2015
39
A front was detected if there was at least 0.4°C difference in SST between two water masses within a moving 
window of 32x32 pixels. The monthly mean of the front persistence was calculated, and spatially smoothed 
with a Gaussian filter of 5 pixels width. Datasets were binned into seasons, reprojected and resampled using 
custom R scripts. 
Miller, 2016 June 2015
40
A front was detected if there was at least 0.4°C difference in SST between two water masses within a moving 
window of 32x32 pixels. The monthly mean of the daily frontal gradient magnitude (i.e., strength) was 
calculated, and spatially smoothed with a Gaussian filter of 5 pixels width (Scales et al., 2014; Miller et al., 
2015a). Datasets were binned into seasons, reprojected and resampled using custom R scripts. 
Miller, 2016 June 2015
41 Datasets were downloaded and binned using MGET v0.8a56: Create Rasters for CoRTAD 3D Variable tool (Roberts et al., 2010) in ArcGIS (ESRI, 2011). Custom Python scripts were used to reproject and resample the datasets in ArcGIS (ESRI, 2011). Casey, 2010 June 2014
W
av
es
42
Wave periods were computed by the WAVEWATCH III (WW3) wave model (Tolman, 2009), forced by 10 years 
of wind observations over the Pacific Ocean (Stopa et al., 2013). Modeled datasets were binned, reprojected 
and resampled using custom Matlab and R scripts. 
Cheung, 2016; 
Stopa et al., 2013
February 
2014
43
Wave heights were computed by the WAVEWATCH III (WW3) wave model (Tolman, 2009), forced by 10 years of 
wind observations over the Pacific Ocean (Stopa et al., 2013). Modeled datasets were binned, reprojected and 
resampled using custom Matlab and R scripts. 
Cheung, 2016; 
Stopa et al., 2013
February 
2014
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# Dataset Description Units Statistic
Time 
Period Source Dataset
Native Spatial 
Resolution
44 Elevation Terrestrial elevations. m -, SD 2015 1/3 arc-second Digital Elevation Model 10x10 m
Se
afl
oo
r 
D
ep
th
45 Depth Source (<100 m) Seafloor depths less than 100 m. m - 2005 3 arc-second CRM 90x90 m
46 Depth Source (≥100 m) Seafloor depths ≥100 m. m - 2008 30 arc-second GEBCO 08 1,094x1,094 m
47 Depth Model ≥100 m Modeled seafloor depths ≥100 m. m - - - 90x90 m
48 Depth Model ≥100 m (Standard Error)
Standard error associated with the 
modeled depth surface for areas ≥100 m 
deep.
m Mean - - 90x90 m
49 Depth Model ≥100 m (Accuracy)
Accuracy of modeled depth surface for 
areas ≥100 m deep. m Mean - - 90x90 m
50 Depth
Final depth surface for the entire project 
area created by blending datasets #45 
and 47.
m - - - 90x90 m
Se
afl
oo
r 
Su
rv
ey
s
51 Digital Depth Data The location of digital soundings data. N/A N/A 1900 -2009
Multiple. See NOAA 
NCEI, 2015b. N/A
52 Ship Tracklines (Multibeam SoNARs)
Ship tracklines for multibeam sound 
navigation and ranging (SoNAR) surveys. N/A N/A
1980-
2014
Multiple. See NOAA 
NCEI, 2015b. N/A
53 Ship Tracklines (Singlebeam SoNARs)
Ship tracklines for singlebeam sound 
navigation and ranging (SoNAR) surveys. N/A N/A
1950-
2009
Multiple. See NOAA 
NCEI, 2015b. N/A
# Processing Tools and Steps Data Provider Download Date
44
This 1/3 arc-second dataset was generated by the USGS. It was created by interpolating between 
contours in the USGS's 7.5' topographic maps. Standard deviations were calculated in 3x3 cell 
moving windows using ArcGIS's Focal Statistics tool (ESRI, 2011).
USGS, 2015 September 2015
Se
afl
oo
r 
D
ep
th
45 This 3 arc-seconds dataset is the U.S. Coastal Relief Model (CRM) for Hawaiʻi. It was created by NOAA's NCEI from multilple data sources. NOAA NCEI, 2005 January 2014
46 This 30 arc-seconds depth dataset was created by the GEBCO from multilple data sources. GEBCO, 2008 January 2014
47 This dataset was created using GEBCO data (≥100 m) and ordinary kriging. Please see the chapter text for a detailed description of the methods, and evaluation of the surface. NOAA NCCOS, 2016 January 2014
48
This dataset describes the precision associated with the modeled depth surface (#47). It was 
calculated during the kriging process using cross validation in ArcGIS's Geostatistical Analyst 
extension (ESRI, 2011). 
NOAA NCCOS, 2016 January 2014
49
This dataset describes the accuracy of the modeled depth surface (#47). It was calculated in R 
using an independent subset (50%) of depth points set aside at the beginning of the modelling 
process. 
NOAA NCCOS, 2016 January 2014
50
This dataset was created by blending NOAA's CRM (i.e., #45) with predicted depths generated 
using GEBCO data (≥100 m) and ordinary kriging (i.e., #47). Please see the chapter text for a 
detailed description of the methods, and evaluation of the surface.
NOAA NCCOS, 2016 January 2014
Se
afl
oo
r 
Su
rv
ey
s 51 This dataset was downloaded from NOAA NCEI and clipped to the project area using ArcGIS’s Clip tool (ESRI, 2011). These data are for visualization, and were used not used in the depth modeling process. NOAA NCEI, 2015b
September 
2015
52 This dataset was downloaded from NOAA NCEI and clipped to the project area using ArcGIS’s Clip tool (ESRI, 2011). These data are for visualization, and were used not used in the depth modeling process. NOAA NCEI, 2015b
September 
2015
53
These datasets were downloaded from NOAA NCEI and clipped to the project area using ArcGIS's 
Clip tool (ESRI, 2011). These data are for visualization, and were used not used in the depth modeling 
process.
NOAA NCEI, 2015b September 2015
Table 2.7. Datasets describing elevations and bathymetry (i.e., Seafloor Depth) around the MHI that influence its biogeography. These datasets were 
compiled to provide regional context for this assessment, to be inputs for species distribution models, to identify data gaps and to describe data 
precision. SD= Standard Deviation
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Table 2.8. Datasets describing seafloor topography around the MHI that influence its biogeography. These datasets were compiled to provide 
regional context for this assessment, to be inputs for species distribution models, to identify data gaps and to describe data precision. SD= Standard 
Deviation
# Dataset Description Units Statistic Time Period
Source 
Dataset
Native Spatial 
Resolution
Se
afl
oo
r 
To
po
gr
ap
hy
54 Depth (Mean, SD) Mean and standard deviation of modeled seafloor depths. m Mean, SD - Table 2.7, #50 90x90 m
55 Total Curvature Curvature of the seafloor. Seafloor can be convex (-), concave (+) or flat (0).
Radians per 
m2 Mean - Table 2.7, #50 90x90 m
56 Planform Curvature
Curvature of surface perpendicular to the 
direction of the maximum slope. Surface can 
be convex (-), concave (+) or flat (0). 
Radians/m Mean - Table 2.7, #50 90x90 m
57 Profile Curvature
Curvature of surface parallel to the direction 
of the maximum slope. Surface can be convex 
(-), concave (+) or flat (0).
Radians/m Mean - Table 2.7, #50 90x90 m
58 Rugosity Ratio of surface area to planar area. The higher the number, the bumpier the seafloor. unit-less Mean - Table 2.7, #50 90x90 m
59 Slope Maximum rate of change in depth. ° Mean - Table 2.7, #50 90x90 m
60 Slope Rate of Change Maximum rate of change in slope. ° Mean - Table 2.7, #50 90x90 m
# Processing Tools and Steps Data Provider Download Date
Se
afl
oo
r 
To
po
gr
ap
hy
54 This dataset was created from the final depth surface (#50), and was binned in in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
55 This dataset was created from the final depth surface (#50) using DEM Surface Tools Curvature tool (Jenness, 2013). It was binned in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
56 This dataset was created from the final depth surface (#50) using DEM Surface Tools Curvature tool (Jenness 2013). It was binned in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
57 This dataset was created from the final depth surface (#50) using DEM Surface Tools Curvature tool (Jenness, 2013). It was binned in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
58
This dataset was created from the final depth surface (#50) using DEM Surface Tools: Calculate 
Surface Ratio Raster tool (Jenness, 2013) in ArcGIS (ESRI, 2011). It was binned in 1.2x1.2 km cells 
using ArcGIS's Zonal Statistics tool (ESRI, 2011).
NOAA NCCOS, 2016 -
59 This dataset was created from the final depth surface (#50) using ArcGIS's Slope tool (ESRI, 2011). It was binned in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
60 This dataset was created from the final depth surface (#50) using ArcGIS's Slope tool (ESRI, 2011). It was binned in 1.2x1.2 km cells using ArcGIS's Zonal Statistics tool (ESRI, 2011). NOAA NCCOS, 2016 -
We created a 90x90 m depth surface for the entire project area. This surface was created by blending two 
modeled depth surfaces. We used NOAA’s Coastal Relief Model (CRM) in areas less than 100 m deep (NOAA 
NCEI, 2005), and we created a geostatistical model using depths from the General Bathymetric Chart of the 
Oceans (GEBCO; GEBCO, 2008) for areas deeper than 100 m. Geostatistical modeling creates predictions by 
measuring spatial autocorrelation across a dataset, and uses those relationships to predict values at nearby 
locations. This workflow was completed in R and ArcGIS (ESRI, 2011). Depths greater than 100 m in the study 
area were extracted from GEBCO. Fifty percent of these GEBCO depths were randomly selected, and set aside 
for independent validation (i.e., to assess vertical error and bias). Ordinary kriging was used to develop a 
modeled depth surface for areas deeper than 100 m in ArcGIS (ESRI, 2011). The input parameters for the 
geostatistical model were as follows: transformation type = log, trend removal = second order local polynomial, 
kernel function = exponential, nugget = 5.3 e-7, range = 2,401, anisotropy = no, sector type = 4 with 45° offset. 
The spatial resolution of the kriged depth surface was 90x90 m. This resolution was chosen because it matched 
that of the CRM in the MHI (NOAA NCEI, 2005). The vertical error associated with this kriged depth surface 
was evaluated using cross validation and the dataset subset randomly extracted from GEBCO at the beginning. 
These different ways of measuring vertical error are described in Section 2.5. We blended the final kriged 
depth surface with the existing CRM using ArcGIS’s Mosaic tool (ESRI, 2011) to create a seamless depth 90x90 
m surface for the entire project area. Any remaining no data gaps were filled using a custom script in ArcGIS’s 
raster calculator (ESRI, 2011).
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Once the depth surface and preprocessing steps (listed in Tables 2.2-2.8) 
were complete, all datasets were reprojected to a common coordinate 
system (i.e., WGS 1984 Oblique Mercator) using reprojection tools in R 
and/or ArcGIS (ESRI, 2011). The properties of this customized coordinate 
system were as follows: linear unit = meter, angular unit = 0.017°, false 
easting = 0, false northing = 0, scale factor = 0.9996, azimuth = 60, 
longitude of center = -157.1895 and latitude of center = 20.5713. This 
coordinate system allowed us to use one common projection across the 
entire study area instead of using multiple Universal Transverse Mercator 
(UTM) zones. This projection is similar to a UTM zone, except it is angled 
to optimally align with the axis of the MHI. This orientation minimized 
the distortion of shapes and distances, and satisfied isotropy for spatial 
modelling within the project boundaries. 
After being reprojected, we aggregated each dataset into a common 
spatial framework consisting of 1.2x1.2 km square bins. The bin size and 
shape was chosen so that it matched BOEM’s proposed lease aliquots 
in the MHI Exclusive Economic Zone (EEZ). Elevation was not spatially 
binned because there are no aliquots on land. Datasets that had native 
spatial resolutions finer than 1.2x1.2 km (e.g., depth) were binned into 
this spatial framework using the Zonal Statistics functions in R and or 
ArcGIS (ESRI, 2011). Datasets that had native, spatial resolutions coarser 
than 1.2x1.2 km (e.g., sea surface temperature) were resampled to this spatial resolution using cubic convolution 
resampling tools in R and ArcGIS (ESRI, 2011). Cubic convolution was used to better preserve the boundaries of 
spatial patterns in these datasets. Mean and/or standard deviations were calculated in each spatial bin. Nearshore 
data gaps were filled using the “inpaint” function in Matlab (D’Errico, 2014). We used the final datasets as inputs 
to predict spatial distributions of deep corals, reef fish, cetaceans and seabirds in the project area.
2.3. RESULTS AND DISCUSSION (ELEVATION, DEPTH AND TOPOGRAPHY)
The MHI are mountainous, oceanic islands. Their rugged topographies and complex shorelines (Figure 2.2; Figure 
2.3a, b) were created by erupting volcanoes and sculpted by geologic forces over millions of years (Juvik and 
Juvik, 1998; Fletcher et al., 2008). The archipelago was formed as the Pacific Plate moved northwest across 
the Hawaiʻi hotspot, where molten rock and gases were pushed to the surface (Juvik and Juvik, 1998; Fletcher 
et al., 2008). This hotspot is currently under or nearby the island of Hawaiʻi (Fletcher et al., 2008), which has 
three of the MHI’s five active volcanoes (USGS, 2016). These volcanoes include Mauna Loa (4,169 m), Hualālai 
(2,521 m) and Kīlauea (1,219 m). The MHI’s other active volcanoes include Halealakā (3,055 m) on Maui, and the 
Lōʻihi Seamount located about 30 km southeast of the island of Hawaiʻi. The rest of the volcanoes in the MHI 
are dormant or extinct. These volcanoes include: Mauna Kea (4,205 m) and the Kohala Mountains (1,603 m) 
on Hawaiʻi, the west Maui Mountains (1,764 m) on Maui, Kamakou (1,515 m) on Moloka‘i, the Wai‘anae Range 
(1,225 m) and Ko‘olau Range (960 m) on O‘ahu, and Mauna Wai‘ale‘ale (1,544 m) on Kaua‘i. Lāna‘i (1,027 m), 
Kaho‘olawe (450 m) and Ni‘ihau (390 m) also have mountainous, volcanic landscapes, but their topographies 
are less rugged than the other islands. Although the size of volcanoes varies among islands, their elevations and 
topographies influence almost every aspect of the MHI’s weather and climate as a whole (Juvik and Juvik, 1998). 
These impacts are discussed in detail in Section 2.4.4.
The seascape of the MHI was shaped by many of the same processes that formed its terrestrial landscape. Shifting 
tectonic plates, erupting volcanoes, changing sea levels and erosional processes shaped the topography of the 
seafloor over millions of years (Fletcher et al., 2008). These physical processes created a narrow shelf around 
Maui coast. Photo: Bryan M. Costa (NOAA NOS/NCCOS)
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the MHI, which is often only a few kilometers wide (Figure 2.3c, d; Figures A.1 and A.2). This narrow shelf drops 
off quickly from 200 m depths to an abyssal plain at over 4,800 m. Such dramatic changes in depth occur over 
distances as short as 15 km (e.g., near South Point, Hawai‘i). Consequently, the slopes along these drop-offs can 
be upwards of 35° in some steeper locations. Numerous seamounts protrude from the abyssal plains with heights 
up to 4,000 m. Some seamounts are located southeast of Hawaiʻi (e.g., Lōʻihi), but the majority are located south 
of O‘ahu and Maui within the MHI EEZ (Figure 2.1a; Figure 2.3e, f). Collectively, these seamounts are known as 
the West Hawai‘i and Hawaiian Seamounts (also called the Navigator or Geologist Seamounts). These seamounts 
include Cross, Bishop, Swordfish, Pensacola, McCall, Jaggar, Indianapolis and Day among others. Middle Bank and 
Penguin Bank (while not seamounts) are two other prominent underwater features within the MHI EEZ (Figure 
2.1a). Middle Bank is an isolated bathymetric feature located about 130 km northwest of Ni‘ihau. It has a flat top 
that plateaus around 35 m deep. Penguin Bank is slightly deeper than Middle Bank (i.e., its shallowest point is 
around 45 m), and extends southwest from Moloka‘i’s western shoreline. It is connected geologically to Maui Nui, 
which is made up of the islands of Maui, Moloka‘i, Lāna‘i and Kaho‘olawe. Like with the MHI’s mountains, these 
seamounts and banks interact with currents to influence local patterns in the MHI’s oceanography (Boehlert and 
Genin, 1987). These impacts are discussed in more detail in Section 2.4.5.
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Figure 1. Elevations, depths and variation in both around the MHI. These maps depict the: (a, b) elevations (m) and average 
seafloor depth (m), and (c, d) the standard deviation of elevations (m) and seafloor depth (m) within the study area. The depth 
surfaces were created by calculating the mean and standard deviation of a 90x90 m depth surface within 1.2x1.2 km spatial bins. 
Elevation Source: USGS. Depth Sources: GEBCO & CRM, NOAA. Dates: N/A.
Figure 2.2. Elevations, depths and variation in both around the MHI. These maps depict the: (a, b) elevations (m) and mean seafloor depths (m), and 
(c, d) th standard deviation (SD) of elev tions (m) and seafloor dep s (m) within the study area. Mean depths were calculated within 1.2x1.2 km 
square spatial bins. SD of elevation and depth were calculated within 30x30 m and 1.2x1.2 km square spatial bins, respectively. Dates: N/A. Data 
sources: Table 2.7. #44 and Table 2.8. #54
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Figure 2.x Distance from key geographic features around the MHI. These maps depict the distance (km) from: (a) the 
shoreline, (b) the shelf edge (i.e., 200 m isobath), and (c) key seamounts (100 to 2,750 m deep) within the study area.  Source: 
NOAA. Dates: N/A.
Figure 2.3. Distance from key geographic fe tures around the MHI. These maps depict the distance (km) from: a) the sho eline, b  e shelf edge 
(i.e., 200 m isobath), and c) key seamounts (100 to 2,750 m deep) within the study area. The same color ramp was used for maps a) to (f). Dates: 
N/A. Data source: Table 2.3. #11-16
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2.4. RESULTS AND DISCUSSION (THE COUPLED CLIMATE AND OCEAN)
Compared to continental climates, the maritime (i.e., ocean-influenced) climate of the MHI is relatively stable 
over time with little day-to-day and month-to-month variability in the weather at sea-level. The MHI’s climate 
is relatively stable because of its location in the tropical latitudes (between 19° and 22° north) and its isolation 
in the middle of the Pacific Ocean. Its tropical latitude affects its climate because the amount of sunlight 
received by the MHI varies by only 2.5 hours over the year. This low variability keeps its average sea-level air 
temperatures (27 ± 5°C) and average sea surface temperatures (SST; 25 ± 1.9 °C) from varying widely seasonally 
(Juvik and Juvik, 1998; Fletcher et al., 2008; Department of the Navy, 2005). SSTs are slightly warmer south and 
west of the MHI, closer to the equator and in the lee of the islands (Figure 2.4). They vary by less than 1.9 °C 
when comparing seasonal means (Figure 2.5), but can vary more when comparing among specific months or 
years. Lower, seasonal amounts of variability make SST and thermal stress anomalies infrequent around the 
islands (Figures A.3 and A.4). The Pacific Ocean also helps stabilize the MHI’s climate by acting like a thermal 
flywheel, dampening wide variations in diurnal air temperatures (and humidity levels) at sea-level (Juvik and 
Juvik, 1998). This dampening effect is due to water’s unique ability to store, mix and dissipate heat. Much of 
this heat is transported across space and within the water column by currents, wind-driven mixing and other 
physical oceanographic processes. 
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Figure 2.x Sea surface water temperature (SST) around the MHI. These maps depict the average temperature (°C) of 
surface waters in the summer (a, b) and winter (c, d) within the study area.  Source: MUR, NASA. Dates: 7/2002-7/2014.
Figure 2.4. Sea surface water temperature (SST) around the MHI. These maps depict the average temperature (°C) of surface waters in the summer 
(a, b) and winter (c, d) within the study area. Dates: July 2002-July 2014. Data source: Table 2.6. #36
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Figure 2.x Variation in sea surface temperature (SST) around the MHI. These maps depict the standard deviation of SSTs (°
C) in the summer (a, b) and winter (c, d) within the study area.  Source: MUR, NASA. Dates: 7/2002-7/2014.
Figure 2.5. Variation in SST around the MHI. These maps depict the variation (standard deviation) in temperature (°C) of surface waters in the 
summe  (a, b) and winter (c, d) within th  study a ea. Dates: July 2002-July 2014. Data source: Table 2.6. #36
2.4.1. Atmospheric and Oceanographic Circulation
The MHI’s location in the tropical latitudes also explains the long-term atmospheric and oceanographic 
circulation patterns around the islands. Trade winds from the northeast (i.e., azimuth of 40° to 90°) dominate 
the surface winds in the MHIs, occurring about 70-80 percent of the year (Juvik and Juvik, 1998; Vitousek et al., 
2009). They have an average speed of approximately 7 ± 4.1 m/s (Juvik and Juvik, 1998; Vitousek et al., 2009), 
and are strongest and least variable during the summer (from May to October), and slacken during the winter 
(from November to April; Figures 2.6 and 2.7). They also interact with the MHI’s mountainous terrain, causing 
wide variability in weather conditions within and among islands. The largest obstructions to the atmospheric 
flow are on the islands of Maui and Hawai‘i, whose peaks (Halaelakā, Mauna Kea and Mauna Loa) penetrate 
the trade-wind inversion layer extending from 1,700 to 5,000 m (Smith and Grubisic, 1993). This interaction 
changes wind and rainfall patterns around the MHI islands, influencing its biogeography (Juvik and Juvik, 1998). 
The impacts of these changing wind patterns on the MHI’s weather, climate and oceanography are discussed 
in detail in Section 2.4.4.
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Figure 2.6. Speed and direction of wind around the MHI. These maps depict the average speed (m/s) and direction (° denoted by arrows) of winds 
in the summer (a, b) and winter (c, d) within the study area. Wind speeds were measured at an altitude of 30 m. Circular statistics were used 
to calculate the directional averages. The Hawaiian Lee Counter Current (HLCC) is not visible in these maps because of the coarse scale of the 
directional arrows. Dates: July 1999-November 2009. Data source: Table 2.1. #1 and #3
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Figure 2.x Variation in the speed of wind around the MHI. These maps depict the standard deviation of wind speeds (m/s) 
in the summer (a, b) and winter (c, d) within the study area.  Wind speeds were measured at an altitude of 30 m. Source: 
QuikSCAT, NOAA. Dates: 7/1999-11/2009.
Figure 2.7. Variation in the speed of wind around the MHI. These maps depict the standard deviation of wind speeds (m/s) in the summer (a, b) and 
winter (c, d) within the study area. Wind speeds were measured at an altitude of 30 m. Dates: July 1999-November 2009. Data source: Table 2.1. #3
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The trade winds are the main drivers of 
surface currents and broad-scale ocean 
circulation patterns in the north Pacific 
and around the MHIs (Juvik and Juvik, 
1998; Department of the Navy, 2005). In 
the Northern Hemisphere, this surface 
water circulation is called the North 
Pacific Subtropical Gyre (NPSG). The 
MHI sits on the edge of this gyre within 
the North Equatorial Current (NEC; 
Figure 2.8). The NEC generally moves 
from east to west, although its speed 
and direction is strongly impacted by the 
MHI. Where the NEC meets the island 
of Hawai‘i, it splits into a northern and 
southern branch (Juvik and Juvik, 1998; 
Department of the Navy, 2005). The 
southern branch continues westward 
and rejoins the NEC west of Ni‘ihau. 
The northern branch, called the North 
Hawaiian Ridge Current (NHRC), travels 
along the MHI (at an average of 25 
cm/s) towards the Northwestern Hawaiian Islands. Two other currents, called the Hawaiian Lee Current (HLC) 
and Hawaiian Lee Counter Current (HLCC), form on the leeward side of the MHI. The HLC flows from east to 
west parallel to the NHRC along the coastline. The HLCC flows in the opposite direction (i.e., from west to 
east) back towards the island of Hawai‘i. These broad-scale currents also interact with wind patterns, causing 
local variability within and among islands (Figures 2.9 and 2.10). The area west of the ʻAlenuihānā Channel 
is particularly variable across seasons. The interaction between surface currents and wind also influence 
other finer-scale oceanographic processes around the MHI, including water divergence, convergence, fronts, 
upwelling, downwelling and the formation of eddies. Fine-scale patterns in upwelling and eddy formation 
increase local primary productivity in the MHI (Seki et al., 2001), and are likely to influence the distribution of 
animals around the islands (Seki et al., 2002; Department of the Navy, 2005). These impacts and patterns are 
discussed in more detail in Section 2.4.5.
Figure 2.8. Ocean Circulation around the MHI. The MHI are located on the edge of the NEC 
within the NPSG. The NEC interacts with the MHI islands, splitting off into the Hawaiian Lee 
Current (HLC) and Hawaiian Lee Counter Current (HLCC). Cyclonic eddies (blue) frequently 
form north of the HLCC, and anti-cyclonic eddies (red) form to the south. Figure adapted 
from Lumpkin (1998) with permission from R. Lumpkin.
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Figure 2.9. Speed and direction of surface currents around the MHI. These maps depict the average speed (m/s) and direction (° denoted by arrows) 
of surface currents in the summer (a, b) and winter (c, d) within the study area. Circular statistics were used to calculate the directional averages. 
Dates: 1992-2005. Data source: Table 2.5. #28 and 30
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Figure 2.10. Variation in the speed of surface currents around the MHI. These maps depict the standard deviation of surface current speeds (m/s) in 
the summer (a, b) and winter (c, d) within the study area. Dates: 1992-2005. Data source: Table 2.5 #30
2.4.2. Ocean-Atmosphere Oscillations
The MHIs are impacted by two climate oscillations: (1) the Pacific Decadal Oscillation (PDO; Figure 2.11) and 
(2) the El Niño Southern Oscillation (ENSO; Figure 2.12). These oscillations affect the climate and ocean around 
the world on inter-decadal (for PDO) and inter-annual (for ENSO) time scales (NOAA NCEI, 2015a). While their 
exact causes are not fully understood (Mantua and Hare, 2002; NOAA NCEI, 2016), both the PDO and ENSO 
have positive (warm) and negative (cool) phases. PDO phases last between 20 to 30 years (Mantua et al., 1997; 
Minobe, 1997), while ENSO phases shift every 3 to 7 years, and persist for only 6 to 18 months (NASA, 2008). 
Around the MHI, the effect of these oscillations is not as pronounced as in other parts of the world (e.g., in 
the north Pacific for PDO and in the equatorial Pacific for ENSO). Neither oscillation is thought to have a strong 
effect on sea surface temperatures around the MHI (Karl et al., 1995; Fletcher et al., 2002). However, they are 
likely to affect wind speeds and rainfall amounts around the islands (Ropelewski and Halpert, 1989; Halpert 
and Ropelewski, 1992; Mantua and Hare, 2002). 
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The MHI receives more rainfall when PDO is positive (i.e., in its warm phase), and less rainfall when it is 
negative (i.e., in its cool phase; Department of the Navy, 2005). ENSO is thought to have the opposite effect 
on the MHI during its positive and negative phases. When ENSO is positive (i.e., in its El Niño warm phase), 
the windward sides of the MHI may experience decreased rainfall and weaker trade winds (Department of 
the Navy, 2005; NOAA PEACC, 2016). Weakened trade winds (and warmer SSTs near the equator) can help 
tropical depressions and hurricanes form east of the MHI (Fletcher et al., 2002). These patterns reverse around 
the MHI when the ENSO phase is neutral or negative (i.e., in its La Niña cool phase), causing the windward 
sides of the MHI to experience stronger trade winds and increased amounts of precipitation (Ropelewski and 
Halpert, 1989; Halpert and Ropelewski, 1992). It is unclear how climate change will impact the frequency and/
or magnitude of the PDO and ENSO (Department of the Navy, 2005; UH CGG, 2012), and consequently the 
regional climate around the MHI. 
Figure 2.11. Pacific Decadal Oscillation (PDO) Events. Oscillations between warm and cool PDO phases from 1900 to September 2015 (binned into 
6 month averages). Recent trends suggest that the PDO is switching to a warm phase. Data source: Mantua, 2015
Figure 2.12. El Niño Southern Oscillation (ENSO) Events. Oscillations between warm (El Niño) and cool (La Niña) ENSO phases in Region 3.4 from 
1950 to September 2015. One of the strongest El Niño events on record began in 2015. Data sources: NOAA CPC, 2015; NOAA ESRL, 2015 
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2.4.3. Seasonal Changes in the Climate and Ocean
The MHI has two main seasons: summer and winter. Summer includes the months of May to October, and winter 
includes November to April. Seasonal changes in the MHI’s climate and ocean conditions are mainly driven 
by changes in (and interactions between) areas of atmospheric pressure called the North Pacific Subtropical 
High and the Aleutian Low. The Aleutian Low is an area of low pressure located over the Gulf of Alaska and the 
Bering Sea. It is strong in the winter, and nearly non-existent in the summer. The North Pacific Subtropical High 
is located off the west coast of North America, and is persistent nearly year round. It is stronger and closer 
to the North Pole during the summer (when the Aleutian Low is nearly absent), and weaker and closer to the 
equator during the winter (Juvik and Juvik, 1998). The weakening, strengthening and movements of the North 
Pacific Subtropical High and Aleutian Low bring about seasonal changes in the atmospheric and oceanographic 
conditions around the MHI. 
Summer in the MHI is warmer, drier and 
dominated by the northeasterly trade 
winds and trade-wind generated swell 
(Figure 2.13; Moberly and Chamberlain, 
1964; Juvik and Juvik, 1998; Department 
of the Navy, 2005; Vitousek and Fletcher, 
2008). Air temperatures typically range 
between 22° and 32° C, and the islands 
receive approximately 20 percent of 
their annual rainfall. Since there is less 
rain, nearshore waters tend to be less 
turbid during the summer, particularly 
in Kāneʻohe Bay and Pearl Harbor 
(Figures A.5 and A.6). The summer is 
warmer and drier because the North 
Pacific Subtropical High strengthens 
and moves north, pushing mid-latitude 
rain storms away from the islands. With 
fewer storms, the trade winds are less 
likely to be interrupted by atmospheric 
changes, making them more persistent. 
Persistent trade winds create swell 
with average, nearshore wave heights 
of 2 ±0.5 m and peak periods of 9 ±2.5 
seconds (Vitousek et al., 2009). However, maximum annually recurring wave heights can be up to 6 m (Figure 
2.13). Swell from the south (called the Southern swell) also can occur during the summer, although it is 
infrequent (Flament et al., 1996). The Southern swell is typically 2.5 to 3 m in height, and has periods of 14 to 
22 seconds (Figures 2.14 and 2.15; Vitousek and Fletcher, 2008; Vitousek et al., 2009). This swell is generated 
by winter storms in the southern hemisphere, as far south as Australia, New Zealand and the Southern Ocean. 
They propagate northward (Snodgrass et al., 1966) until they reach the MHI’s southern shores. 
Winter in the MHI is cooler, wetter and dominated by the trade winds (which are weaker) and waves originating 
from north-northwest (called the North Pacific Swell; Figure 2.13; Moberly and Chamberlain, 1964; Juvik and 
Juvik, 1998; Department of the Navy, 2005; Vitousek and Fletcher, 2008). Air temperatures typically range 
between 22° and 26° C, and the islands receive nearly 80 percent of their annual rainfall (Department of the 
Navy, 2005). Fifty percent of this winter rainfall occurs between December and February alone. Nearshore 
levels of turbidity tend to rise in the winter, as the increased rainfall carries sediment into the ocean (Figures 
Figure 2.13. Seasonal wave patterns in the MHI. The North Pacific Swell is dominant in the 
winter, and swell from the north-east (i.e., trade wind swell) is prevalent in the summer. 
The maximum annual significant wave heights (symbolized as orange to brown colors) 
denote the maximum wave heights averaged over several years. Figure credit: Moberly and 
Chamberlain, 1964; Vitousek and Fletcher, 2008. Reprinted with permission from University 
of Hawaiʻi at Mānoa.
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A.5 and A.6; Juvik and Juvik, 1998). It also causes local increases in chlorophyll-a concentrations and primary 
productivity, particularly along the Nāpali Coast in Kauaʻi, offshore of Hilo in Hawaiʻi, in Kāneʻohe Bay and east 
of Kaʻena Point in O‘ahu (Figures A.7, A.8, and A.9). The winter is cooler and wetter because the North Pacific 
Subtropical High weakens and moves south, allowing mid-latitude rain storms to move closer to the islands. 
Occasionally, Kona winds (from the south) can bring strong storms and waves to the islands in the winter. These 
winds blow infrequently during the winter (i.e., for about 15 to 30 percent of the time) from the azimuths of 
160° to 240°. They form because of low pressure systems less than 800 km northwest of the MHI (Department 
of the Navy, 2005). Kona winds and waves can be destructive to the MHIs southern and western coasts, causing 
localized wind damage and flooding. Kona storm waves are usually 3 to 4 m in height and have 8 to 11 second 
periods (Rooney and Fletcher, 2005; Vitousek et al., 2009). The intensity of these Kona storms is influenced 
partly by the PDO and ENSO events (Rooney and Fletcher, 2005). Positive (warm) PDO and El Niño phases tend 
to mitigate the intensity of Kona storms, although they can fuel the formation of hurricanes east of the MHIs 
(Fletcher et al., 2002). Negative (cold) PDO and La Niña events cause these storms to intensify, often leading 
to destruction along the west and south facing shorelines of the MHI. 
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Figure 2.x Wave heights around the MHI. These maps depict the average significant wave heights (m) in the summer (a, b) 
and winter (c, d) within the study area.  The surface does not Source: University of Hawai'i. Dates: 1/2000-12/2009.
Figure 2.14. Wave heights around the MHI. These maps depict the average significant wave heights (m) in the summer (a,b) and winter (c,d) within 
the study area. Wave data is missing for portions of the project area (a,c). Dates: January 2000-December 2009. Data source: Table 2.6. #43
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The North Pacific Swell can be similarly destructive on the MHI’s northern and western coasts during the 
winter. It is generated by violent, winter storms in the North Pacific Ocean. Storm intensity and frequency 
increase when the Aleutian Low strengthens, and the North Pacific Subtropical High moves southward. The 
combination of high wind speeds, long duration winds events and long fetch lengths produce optimum 
conditions to generate large, long-period swell in the open ocean (Aucan, 2006; Rooney et al., 2008; Vitousek 
and Fletcher, 2008; Vitousek et al., 2009; Hoeke et al., 2011). Those swells reach the MHI unobstructed, 
resulting in maximum annually recurring wave heights of 6 m (Figure 2.13; Vitousek and Fletcher, 2008), with 
peak periods of 14 to 18 seconds (Vitousek et al., 2009). While maximum winter wave heights and periods can 
be large, average winter wave heights (0.3 to 3 m) and periods (8 to 15 seconds) are generally much smaller 
in the MHI, especially in the lee of the islands (Figures 2.14, 2.15, A.10, and A.11). Average wave heights are 
usually smaller because winter wave heights and the number of winter swell events are highly variable among 
years (Caldwell, 2005). This variation is largely due to the frequency and length of storms that develop in the 
North Pacific Ocean and Bering Sea. Longer, more frequent storms will produce larger, more frequent wave 
events. 
151°30'W156°15'W161°W
23
°4
0'
N
20
°N
16
°2
0'
N
Summer
0 75 150 km
151°30'W156°15'W161°W
23
°9
'N
19
°3
0'
N
15
°5
1'
N
156°10'W157°15'W
21
°1
0'
N
20
°2
4'
N
b)a) 159°20'W160°W
22
°7
'N
21
°3
6'
N
157°55'W158°20'W
21
°4
0'
N
21
°2
0'
N
155°W156°W
20
°N
19
°N
156°10'W157°15'W
21
°1
0'
N
20
°2
4'
N
159°20'W160°W
22
°7
'N
21
°3
6'
N
d) 157°55'W158°20'W
21
°4
0'
N
21
°2
0'
N
155°W156°W
20
°N
19
°N
Winter
Mean (s)
c)
15
8
Figure 2.x Wave periods around the MHI. These maps depict the average wave periods (s) in the summer (a, b) and winter 
(c, d) within the study area.  Source: University of Hawai'i. Dates: 1/2000-12/2009.
Figure 2.15. Wave periods around the MHI. These maps depict the average wave periods (s) in the summer (a,b) and winter (c,d) within the study 
area. Wave data is missing for portions of the project area (a, c). Dates: January 2000-December 2009. Data source: Table 2.6 #42
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2.4.4. Influence of Topography on Climate 
and Oceans
The MHI’s mountainous landscape influences 
almost every aspect of its weather, climate 
and the surrounding ocean (Juvik and Juvik, 
1998). The peaks, slopes and valleys change 
the direction and speed of the wind, causing 
it to slow in some locations and speed up 
in others. Winds in the MHI tend to flow 
around mountains greater than 1,700 m (e.g., 
Haleakalā, Hualālai, Mauna Kea and Mauna 
Loa; Smith and Grubisic, 1993; Juvik and Juvik, 
1998). At this altitude, air temperatures are 
inverted, and the air above 1,700 m is warmer 
than the air below. This inversion layer prevents 
cooler air from rising further, forcing it around 
the mountain (Figure 2.16a). In contrast, wind 
can flow over mountains in the MHI that are 
less than 1,700 m high because it is not blocked 
by the inversion layer. This flow causes warm, 
moist air from the ocean to rise and cool, leading 
to consistently higher amounts of precipitation 
on the windward (i.e., northeast) sides of the 
islands (Figure 2.16b). As this air passes over 
the mountains, it descends and warms, creating 
a rain shadow and causing the leeward (i.e., 
southwest) sides of the islands to be sunnier 
and drier. Both the rain shadow effect and the 
effect of the inversion layer are clearly visible 
on the island of Hawai‘i (Figure 2.16c). The 
amount of rainfall in the MHI ranges from 25 to 
1,130 cm per year (Juvik and Juvik, 1998). The 
highest average rainfalls are at the summits of 
the West Maui Mountains and Wai’ale’ale on 
Kaua’i. This large range is mainly due to the 
orographic effect of the mountainous terrain. 
At sea level, rainfall amounts range between 
56 and 70 cm per year, and are mainly from 
passing ocean storms. 
Figure 2.16. Orographic rainfall. a) Diagram illustrating how the temperature 
inversion layer can force wind to flow around mountains. Figure credit: Juvik 
and Juvik, 1998. Reprinted with permission from University of Hawai‘i Press; 
b) Diagram illustrating how rain shadows are created when air rises and cools 
over mountains. Figure credit: Wikipedia, 2015; c) Natural color Landsat 7 image 
(taken January 2001) showing dry areas above the inversion layer around Mauna 
Kea, and the rain shadow created by the Kohala Mountains on the island of 
Hawai‘i. Figure adapted from NOAA, 2015.
a)
b)
c)
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In addition to affecting precipitation and temperature, the interaction between MHI’s mountains and persistent 
trade winds also influence the physical and biological oceanography in the region. Figure 2.17 illustrates how 
the interaction between topography and wind influences water temperatures, convergence, divergence, 
upwelling and downwelling patterns nearby. When wind is forced to flow around the mountainous islands, 
it creates wind shadows and localized surface warming on the leeward sides of the islands. Changing wind 
speeds and directions also cause convergence and divergence in the atmosphere and in the water column. 
Convergence zones cause the downwelling of surface waters, and depression in the local thermocline. 
Conversely, divergence zones cause the upwelling of deeper waters and the shoaling of the thermocline. 
When combined, these physical processes create oceanographic patterns that vary distinctly through time 
and across geographic space.
In the MHI, this topographic effect explains many of the oceanographic patterns around the islands. The MHI’s 
mountains block the persistent trade winds from the northeast, creating pockets of warmer, calmer water on 
the southwest side of the islands. Calmer waters are most noticeable and persistent in the lee of the some of 
the MHI’s tallest mountains, including Mauna Kea, Mauna Loa and Hualālai on Hawai‘i and Mauna Wai‘ale‘ale 
on Kaua‘i (Figure 2.6). Winds are also accelerated in between the islands, particularly in the Kauaʻi, Kaiwi, Pailolo 
and ʻ Alenuihānā Channels. In these locations, mountains constrict and speed up the trade winds, causing them 
to be 2.5 to 10.3 m/s faster than over the open ocean (Patzert, 1969; Department of Navy, 2005). Higher and 
more variable wind speeds cause ocean conditions to fluctuate more in these channels. For example, wave 
heights and periods in the ʻ Alenuihānā Channel often vary by up to 1 m and 5 seconds (respectively) during the 
summer when the trade winds are the strongest (Figures A.10 and A.11). 
Additionally, the water column is often less stratified in these northeast/southwest oriented channels because 
the higher wind speeds cause more vertical and horizontal mixing of the ocean. Mixing can help bring nutrient 
rich waters to the surface (Seki et al., 2002). It can also force the mixed layer (i.e., the ocean layer of uniform or 
nearly uniform water density) deeper. Lahaina Roads (the deepest point in the Pailolo Channel) is one example 
Figure 2.17. Effect of topography on wind and physical oceanography. The mountains in the MHI change the direction and speed of the trade winds, 
causing localized warming and the convergence, divergence, upwelling, and downwelling of surface waters. Figure credit: Juvik and Juvik, 1998. 
Reprinted with permission from University of Hawai‘i Press.
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of where water column mixing occurs. There, the mixed layer can be up to 50 m deeper during the winter and 
summer than in the surrounding waters (Figure A.12). Thermal (SST) fronts (Miller and Christodoulou, 2014; 
Scales et al., 2014; Miller et al., 2015a; Miller, 2016) are also more frequent, stronger and more persistent in 
Lahaina Roads year round (Figures 2.18, A.13, and A.14). The same is true for SST fronts in the ʻAlenuihānā 
and Kaiwi Channels, as well as offshore of Kaʻena Point on Oʻahu, South Point on Hawai‘i and the Nāpali Coast 
on Kaua‘i. Chlorophyll-a fronts (Scales et al., 2014; Miller et al., 2015b; Miller, 2016) follow similar patterns in 
the MHI. They are more frequent, persistent and stronger on the leeward sides of the islands, and in channels 
between the islands (Figures 2.19, A.15, and A.16). They also appear to persist longer in the winter, although 
there are longer-lived fronts offshore of the Kona Coast on Hawai‘i, Lehua near Ni‘ihau, Kaʻena Point on O‘ahu, 
in the Au’au Channel and along Penguin Bank south of O‘ahu during the summer. 
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Figure 2.x Persistence of SST fronts around the MHI. These maps denote the average persistence of SST fronts in the 
summer (a, b) and winter (c, d) within the study area.  Persistence is defined as the number of front observations divided by 
the number of cloud-free observations. Source: MUR, Plymouth Marine Laboratory. Dates: 6/2002-12/2013.
Figure 2.18. Persistence of SST fronts around the MHI. These maps denote the average persistence (#) of SST fronts in the summer (a,b) and winter 
(c,d) within the study area. Frontal persistence is defined as the number of front observations divided by the number of cloud-free observations. A 
front was detected if there was a ≥0.4 °C between two water masse  within a 32x32 pixel movi g window. Dates: Jun  2002-December 2013. Data 
source: Table 2.6. #39. Data provided courtesy of the Plymouth Marine Laboratory, Dr. Peter Miller.
Marine Biogeographic Assessment of the Main Hawaiian Islands40
Environmental Setting
Ch
ap
te
r 2
In addition to affecting waves, mixing and fronts, changes in wind speed and direction also cause the divergence 
and convergence of atmospheric winds. This convergence and divergence force atmospheric winds to circulate, 
creating atmospheric eddies on the leeward sides of the islands (Chavanne et al., 2002). Atmospheric eddies 
are most prevalent on the west side of Hawai‘i during the summer when the trade winds are the strongest. 
Differences in atmospheric winds speeds can also cause the rotation of surface waters (Figure A.17), and for 
oceanographic eddies to form (Lumpkin, 1998; Chavanne et al., 2002; Calili et al., 2008). Oceanographic eddies 
can also spin-off from ocean currents, when they interact with the seafloor topography (Dong et al., 2009). 
In the MHI, eddies are most frequent offshore of the Kona Coast (Figure A.18). These eddies are generally 
shallow (i.e., in top 150 m of the water column), range from 5.7 to 150 km wide, and have rotating current 
speeds of up to 1 m/s. They typically last between 6 to 12 weeks, although some may persist longer (Falkowski 
et al., 1991; Seki et al., 2002; Department of the Navy, 2005). 
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Figure 2.x Persistence of surface chlorophyll-a fronts around the MHI. These maps denote the average persistence 
(unitless) of surface chlorophyll-a fronts in the summer (a, b) and winter (c, d) within the study area.  Persistence is defined 
as the number of front observations divided by the number of cloud-free observations. Source: MUR, Plymouth Marine 
Laboratory. Dates: 6/2002 - 12/2013.
Figure 2.19. Persistence of surface chlorophyll-a fronts around the MHI. These maps denote the average persistence (#) of surface chlorophyll-a 
fronts in the summer (a,b) and winter (c,d) within the study area. Frontal persistence is defined as the number of front observations divided by the 
number of cloud-free observations. A front was detected if there was a ≥0.06 log mg/m³ between two water masses within a 32x32 pixel moving 
window. Dates: June 2002-December 2013. Data source: Table 2.2. #8. Data provided courtesy of the Plymouth Marine Laboratory, Dr. Peter Miller.
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There are two types of eddies: cyclonic (i.e., counter-clockwise rotating) and anticyclonic (i.e., clockwise 
rotating). The HLCC generally divides the formation and propagation of these two types of eddies (Figure 2.8). 
Eddies that form south of the HLCC are usually anti-cyclonic. They are more frequent during the summer than 
in the winter (Figure 2.20). These eddies are often regularly shaped, and move offshore of Hawaiʻi in a west-
southwest direction (Calili et al., 2008). They are made up of warmer water (i.e., warm-core eddies), and have 
a slight convex or dome shape, making them visible in the variation of SST and variation in sea surface height 
(SSH) maps (Figures 2.5 and A.19). They are warm-core eddies because their anti-cyclonic rotation causes the 
downwelling of surface waters at their cores, and the upwelling of deeper waters around their periphery (Jia 
et al., 2011). This upwelling around the periphery is associated with increased biological productivity (Calil and 
Richards, 2010), and may be important for some species of cetaceans and seabirds (Department of the Navy, 
2005).
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Figure 2.x Probability of anti-cyclonic eddies around the MHI. These maps depict the average probability (%) 
that anti-cyclonic (clockwise rotating) eddies will form in the summer (a, b) and winter (c, d) within the study 
area.  Source: Aviso, NOAA. Dates: 1992-2014.
Figure 2.20. Probability of anti-cyclonic eddies around the MHI. These maps depict the average probability (%) that anti-cyclonic (clockwise rotating) 
eddies will form in the summer (a,b) and winter (c,d) within the study area. Dates: 1992-2014. Data source: Table 2.4. #25
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Eddies that form north of the HLCC are cyclonic. These eddies are more frequent during the summer than in 
the winter (Figure 2.21). They are often irregularly shaped, and tend to stay close (<40 km) to the islands. They 
are made up of colder water (i.e., cold core eddies; Falkowski et al., 1991; Seki et al., 2002; Department of the 
Navy, 2005; Calil et al., 2008), and have a slight concave shape, making them visible in the SSH images during 
the winter (Figure A.20). They are cold-core eddies because their cyclonic rotation causes upwelling of deeper 
waters in their core, making them important for bringing nutrient-rich waters up to the surface. This nutrient-
rich water can stimulate primary production by as much as 20 percent (Falkowski et al., 1991; Seki et al., 2002; 
Vaillancourt et al., 2003), and increase biological activity along the leeward sides of the MHI (McGillicuddy and 
Robinson, 1997; Seki et al., 2001). 
In addition to upwelling and downwelling from oceanic eddies, the divergence and convergence of wind can 
force the upwelling and downwelling of surface waters on the leeward side of the islands (Figures 2.22, A.21, 
and A.22). Similar to eddies, these convergence and upwelling zones are biologically important, and utilized 
by a variety of species around the MHI, including fish, turtles and cetaceans (Department of the Navy, 2002).
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Figure 2.x Probability of cyclonic eddies around the MHI. These maps depict the average probability (%) that 
cyclonic (counter-clockwise rotating) eddies will form in the summer (a, b) and winter (c, d) within the study area.  
Source: Aviso, NOAA. Dates: 1992-2014.
Figure 2.21. Probability of cyclonic eddies around the MHI. These maps depict the average probability (%) that cyclonic (counter-clockwise rotating) 
eddies will form in the summer (a,b) and winter (c,d) within the study area. Dates: 1992-2014. Data sourc : Table 2.5. #26 
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In the summer, upwelling zones are seen west of the Kohala Mountains on Hawai‘i, and west of the Kalohi 
Channel along Penguin Bank. Downwelling zones are persistent west of South Point in Hawai‘i and west 
of Kaho‘olawe. All of these upwelling and downwelling zones occur in the lee of the islands. In the winter, 
spatial patterns in upwelling and downwelling change. Downwelling continues west of South Point and west 
of Kaho‘olawe, although it weakens and contracts spatially. A weak downwelling zone appears northwest of 
Kaua‘i, which was not present during the summer. Weak upwelling zones also appear northwest of Kaua‘i 
and around Ka‘ula. These upwelling and downwelling zones are one of the few that occur on the windward 
sides of the MHI. Along Penguin Bank, upwelling weakens and becomes almost non-existent compared to the 
summertime conditions. The upwelling west of the Kohala Mountains remains strong in the winter, although 
its footprint changes shape and it moves closer inshore. Since the upwelling along Penguin Bank weakens, the 
area west of Kohala has the strongest upwelling across the islands, making it potentially attractive to many 
different types of species during the winter.
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Figure 2.x Upwelling and downwelling of surface waters around the MHI. These maps depict the average upwelling (+ m/
s) and downwelling (- m/s) of surface waters in the summer (a, b) and winter (c, d) within the study area.  This water
movement is driven by surface winds and Ekman transport. Source: QuikSCAT, PacIOOS. Dates: 7/1999-11/2009.
Figure 2.22. Upwelling and downwelling of surface waters around the MHI. These maps depict the average upwelling (+m/s) and downwelling 
(-m/s) of surface waters in the summer (a,b) and winter (c,d) within the study area. This wat r movement is driven by surface wi ds and Ekman 
transport. Dates: July 1999-November 2009. Data source: Table 2.5. #34
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2.4.5. Influence of Bathymetry on Oceanography
The MHI’s bathymetry and seafloor topography (e.g., underwater banks and seamounts) influence 
oceanographic conditions around the islands, similar to how the rugged mountains of the MHI influence its 
climate. These variable oceanographic conditions are known to affect the composition and distribution of 
organisms in the MHI (Department of the Navy, 2005; Clark et al., 2010). The exact mechanism by which the 
MHI’s seafloor topography changes the local oceanographic conditions is complex and poorly understood 
(Rogers, 1993). However, underwater banks and seamounts are known to modify oceanographic currents at 
local and regional levels (Boehlert and Genin, 1987; Saenko and Merryfield, 2005). Far offshore of the MHI, 
the HYCOM oceanographic model suggests that the Hawaiian and West Hawaiian Seamounts cause bottom 
currents to speed up as they flow around their bases (Figure 2.23). These currents are often 0.05 m/s faster 
around these seamounts compared to the surrounding seascape. Areas north, west and south of Shepard 
Seamount also see faster and more variable current speeds. Rifts in the Moloka‘i and Maui Fracture Zones 
and topographic changes in the Nuʻuanu Slide also cause localized increases and variations in bottom currents 
northwest of the MHI. Middle Bank is another key seafloor feature that influences the oceanography around 
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Figure 2.23. Direction, speed, variation in the speed of bottom currents around the MHI. These maps depict the: (a,b) average, annual speed (m/s) 
and direction (° denoted by arrows) of bottom currents, and (c,d) the standard deviation of annual bottom current speeds (m/s) within the study 
area. Circular statistics were used to calculate the directional averages. Dates: 1992-2005. Data source: Table 2.4. #20 and 21
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the MHI. Middle Bank rises quickly (to 30 m) from the surrounding seafloor (from approximately 3,000 m 
deep). This abrupt feature disrupts bottom currents, causing them to speed up as they flow westward (Figure 
2.23a, b). The speed of currents around Middle Bank are also more variable than in most other parts of the 
MHI, changing by up to 0.06 m/s over the course of the year (Figure 2.23c, d). 
Closer to shore, Penguin Bank and the channels in Maui Nui are the main seafloor features that influence local 
currents and oceanographic patterns in the MHI. Penguin Bank (Figure 2.1d) is an extension of Maui Nui, which 
rises up quickly (to around 45 m) from the surrounding shelf (at 550 m). It is oriented in a northeast-southwest 
direction, paralleling the Kaiwi Channel between O‘ahu and Moloka‘i. This steep slope creates environmental 
conditions on the bank that are distinct from its surroundings. For example, bottom currents on top of Penguin 
Bank are almost twice as fast (0.1 m/s) as those off the Bank (approximately 0.05 m/s). Bottom currents on 
top of the Bank are also more variable than in many other places around the MHI, changing by up to 0.06 m/s 
annually. Also, since Penguin Bank is so shallow, the bottom temperature on top of the Bank is much higher 
(around 20 to 22° C annually) than bottom temperatures of the deep waters surrounding it (8 to 10° C year 
round; Figure 2.24). 
At the southern-most tip of Penguin Bank (where bottom current speeds increase), perturbations in 
chlorophyll-a concentrations, chlorophyll-a fronts, net primary productivity, turbidity and euphotic depth are 
visible in satellite imagery. Euphotic depth is approximately 20 m deeper during the summer, and as much 
as 40 m deeper during the winter (Figure 2.25). Light can penetrate deeper into the water column because 
turbidity is lower (although more variable) near the tip of Penguin Bank (Figures A.5 and A.6). Turbidity is 
most likely lower because there are fewer organic particles (e.g., plankton) in the water column, as seen in the 
chlorophyll-a concentrations and net primary productivity (NPP) satellite images (Figures A.7, A.8, and A.9). 
Chlorophyll-a fronts are also more frequent and persistent in this location, and are clearly visible following the 
tip of Penguin Bank (Figures 2.19 and A.15). Combined, these distinct oceanographic conditions and adjacent 
ecotones may help explain why Penguin Bank is utilized by many different animals in the MHI, most notably 
bottom fish and Hawaiian monk seals (Neomonachus schauinslandi).
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Figure 2.24. Bottom water temperature around the MHI. These maps (a,b) depict the average, annual temperature (°C) of water near the seafloor 
within the study area. Dates: 1992-2005. Data source: Table 2.6. #35
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Figure 2.x Euphotic depth around the MHI. These maps depict the average euphotic depth (m) in the summer (a, b) and 
winter (c, d) within the study area.  Euphotic depth is defined the depth at which 99% of the sunlight (used for photosynthesis) 
is absorbed or reflected. Source: Aqua MODIS, NASA. Dates: 7/2002-3/2015.
Figure 2.25. Euphotic depth around the MHI. These maps depict the average euphotic depth (m) in the summer (a,b) and winter (c,d) within the 
study area. Euphotic depth is defined the depth at which 99 percent of the sunlight (used for photosynthesis) is absorbed or reflected. Dates: July 
2002-Ma ch 2015. Data source: Table 2.4. #17
2.5. DATA LIMITATIONS AND INFORMATION GAPS
2.5.1. Spatial Data Gaps
Mapping environmental drivers is critical for understanding the distribution of animals around the MHI. 
However, data describing environmental drivers have limitations associated with them, and it is important to 
understand these limitations before using the data. One of the more common limitations is spatial data gaps. 
Large (100s km2) spatial gaps were present in a few of the environmental drivers presented here. These gaps 
prevented us from continuously mapping specific environmental patterns across the entire project area. For 
example, significant wave height and wave peak period data were missing from approximately 30 percent 
of the project area, most of it >100 km from shore (i.e., white areas in Figures 2.14, 2.15, A.10, and A.11). 
Seasonal wave patterns in these locations were consequently excluded from this assessment. Additional 
global wave hindcasts could be used to fill these gaps in the future, including NOAA’s Wavewatch III Wave 
Hindcast model (NOAA NCEP, 2015) and the CAWCR Wave Hindcast model (CSIRO, 2016). Similar to the wave 
data, the depth information around the MHI also had large spatial data gaps (Figure 2.26). Many of these 
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gaps were either far from shore (>10 km) or very nearshore (<0.5 km). Spatial gaps were filled in the GEBCO 
surface using satellite altimetry, and by interpolating among depth soundings collected before 2008 (GEBCO, 
2008). Depths measured from satellite altimetry are coarse, and could be vastly improved by conducting ship 
based hydrographic surveys in key geographic areas. Nearshore spatial gaps were filled in NOAA’s CRM by 
extrapolating depths within a radius of 110 cells maximum (NOAA NCEI, 2005). These depth measurements 
could be improved by collecting LiDAR data in the nearshore. Nearshore data gaps also existed in the SST and 
chlorophyll-a front maps. Neighborhood statistics prevented the detection of fronts within several kilometers 
from the coast. This lack of detection resulted in erroneously low nearshore values for front persistence, 
strength and frequency.
2.5.2. Temporal Data Gaps
Most environmental drivers described in this chapter had temporal data gaps. For example, the wind 
climatologies did not include information after November 2009 because the QuikSCAT sensor stopped 
collecting information. These drivers may consequently describe environmental patterns that have since 
changed, or they may exclude new patterns in subsequent years (e.g., after November 2009 for wind drivers). 
We mitigated the potential impact from these temporal gaps by developing climatologies with >10 years of 
data, in an attempt to capture broad, long-term patterns in environmental drivers. The other potential impact 
of temporal data gaps has to do with evolving equipment and techniques for measuring these drivers. Newer 
equipment and techniques are often more accurate and precise. For the bathymetry surface, some depth 
measurements (i.e., soundings) date back to the early 1900s (Figure 2.26). These soundings were most likely 
collected using a lead weight attached to a line. Other soundings were collected using singlebeam Sound 
Navigation and Ranging (SoNAR) dating back to 1950. These SoNARs use a single beam of sound to measure 
seafloor depths. More advanced multibeam SoNARs were used to collect depth data around the MHI beginning 
in 1970. These SoNARs use multiple (>100) beams of sound to measure seafloor depths. The density and 
distribution of depth data from these different data sources and time periods vary widely across the project 
area. Depth data far offshore are probably less reliable because they are older, more sparse and measured by 
only a single sensor. Depth data closer to shore are probably more reliable because they were collected using 
several different technologies, many of which were more recent. All of these datasets, regardless of age or 
source, were included in the depth modeling process because they were the best available around the MHI. 
2.5.3. Information Gaps
Satellite-mounted sensors and 3D ocean models (e.g., HYCOM) have made it possible to map many 
environmental drivers over broader spatial scales and longer time periods. However, satellite sensors and 3D 
ocean models cannot map every type of environmental driver. For example, many physical water chemistry 
metrics (e.g., ocean pH, calcite or aragonite saturation states) cannot be measured remotely, and require in 
situ field work to quantify their ranges temporally and spatially. Drivers related to competition, predation, 
reproduction and recruitment also cannot be mapped remotely, and require in situ research to identify specific 
ecological mechanisms. These types of environmental drivers are often too difficult or costly to measure over 
broad (100s km2) geographic areas. For these reasons, we did not include chemical or community-level drivers 
in this study, and instead, relied upon surrogate variables (also known as proxies). Proxies are datasets that can 
be easily measured, and may be correlated with other environmental drivers that are challenging to measure. 
Distance to shoreline, shelf edge and seamounts are examples of proxies used in this study. While potentially 
useful, proxy datasets should be applied with caution because they are not directly linked to the underlying 
ecological mechanism(s) driving animal distributions.
In addition to missing environmental drivers, the resolution of data from satellites and from 3D ocean models 
is often coarse (i.e., 1x1 km to 25x25 km), and can limit linking seascape patterns with animal distributions. This 
limitation is particularly noticeable in the inshore (e.g., bays) and nearshore (i.e., littoral zone) where physical 
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Figure 2.x SoNAR surveys around the MHI. These maps depict the: (a, b) ship tracklines for singlebeam surveys (Source: 
NOAA. Dates: 1950-2009), (c, d) ship tracklines for multibeam surveys (Source: NOAA. Dates: 1980-2014), and (e, f) 
location of digital soundings data (Source: NOAA. Dates: 1900-2009) within the study area.
Figure 2.26. Depth surroundings around the MHI from 1900 to 2014. These maps depict the: (a,b) ship tracklines for singlebeam SoNAR surveys 
(Dates: 1950-2009); (c,d) ship tracklines for multibeam SoNAR surveys (Dates: 1970-2014); and (e,f) location of digital soundings data within the 
study area (Dates: 1900-2009). Soundings (seen here) collected before 2005 and 2008 were used in the development of NOAA’s CRM and GEBCO’s 
depth surfaces, respectively. For a complete list of the bathym tric sources, please see GEBCO, 2008 and NOAA NCEI, 2005. Data source: Table 2.7. 
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and biological conditions tend to be more spatially and temporally variable, and the range of environmental 
conditions tends to be much greater. The coarse resolution of these datasets is also limiting because their 
scales may not match the ecological scales (or range of scales) that animals respond to in their environment. 
This scale mismatch may cause potentially erroneous relationships and patterns to be detected across the 
seascape (Li and Wu, 2004). One option is to identify broad patterns using coarse datasets, and then target 
specific geographic areas for more detailed mapping, in situ sampling or other field research. Another option 
is to use modeling techniques (e.g., geostatistical modeling) to develop predictions at finer spatial scales. 
However, predictive models should be used with caution because they may over-simplify or incorrectly predict 
ecological patterns and processes.
2.5.4. Measurement Uncertainty
All ecological drivers have uncertainty associated with their values. Uncertainty describes the accuracy and 
precision associated with a dataset. Uncertainty is usually denoted in several ways, including standard error, 
mean error (or bias), mean absolute error (MAE) or root mean squared error (RMSE). Uncertainty is useful 
for making decisions about the quality of data in an area, and can help guide decisions about future data 
collection efforts. Only a handful of the ecological drivers that we used in this project were compared with 
in situ information, and therefore have published uncertainty values. These drivers include euphotic depth, 
chlorophyll-a concentrations, wind speed, wind direction and mixed layer depth. The RMSE for euphotic depth 
is 0.077 and mean error is ±13.8 percent (Lee et al., 2007). The RMSE for chlorophyll-a is 35.8 percent (within 
a range of 0.05 to 50 mg/m3; Esaias et al., 1998). The RMSE differences for wind speed and direction are 1.01 
m/s and 23°, respectively (Ebuchi et al., 2002). The RMSE for mixed layer depth is 39.7 m (Chassignet et al., 
2006). It is important to note that these uncertainty values may change spatially and may not reflect the 
uncertainty associated in the MHI. For example, chlorophyll-a RMSE values tend to increase in the temperate 
latitudes, and may not reflect uncertainty in the tropics (Carder et al., 2004).
Uncertainty was also quantified in two ways for the predicted 90x90 m depth surface. First, uncertainty (i.e., 
standard error) was calculated using cross validation during the geostatistical modeling process to better 
understand the limitations of this prediction. The resulting standard error surface describes the variation and 
error associated with predicted depths, and not the error associated the sensors used to measure seafloor 
depths. The average standard error (calculated using cross validation) was 45 ±27 m across the entire surface 
(Figure A.23c, d). Error increased as depths increased, particularly deeper than 700 m isobath. Second, 
uncertainty (i.e., the difference between observed and predicted depths) was calculated using randomly 
chosen subset of GEBCO depths set aside at the beginning of the modeling process. The average difference 
between the observed and predicted depths was -0.4 ±27 m, suggesting that predicted depths were biased 
slightly deeper (Figure A.23e, f). The predicted depth surface’s MAE was 12 ±27 m, and its RMSE was 30 m. In 
total, 99%, 95% and 88% of the errors were smaller than 100 m, 50 m and 25 m, respectively. These uncertainty 
surfaces and subsequent analyses can be used to help identify and prioritize areas that need to be resurveyed 
in the future. Areas that are shallower and/or that have higher amounts of error may be the highest priority.
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